Background: Myocardial wall thickness (WT) in patients with a prior myocardial infarction has been used to indicate scarring. However, the correlation of WT with sites critical to ventricular tachycardia (VT) has not been previously investigated. The purpose of this study was to correlate electroanatomic mapping data obtained during VT ablation with WT determined by cardiac computed tomography (CT).
INTRODUCTION
Various imaging techniques have been employed to identify the scar and the arrhythmogenic substrate in order to facilitate procedural planning and execution. 1 
Magnetic resonance imaging (MRI)
is the gold standard for identifying myocardial scar, 2 but has spatial resolution limitations and is often not feasible in patients with an implanted cardioverter defibrillator (ICD). Multidetector computed tomography (CT) can be used safely in patients with implanted devices and has the benefit of rapid acquisition times and superior spatial resolution. CT can provide detailed anatomic information as well as information on myocardial function, perfusion, and viability, and has been shown to correlate well with MRIdefined scar locations. [3] [4] [5] Prior investigations into the use of CT to aide in ventricular tachycardia (VT) ablations have focused on using a wall thickness cut-off value of <5 mm to delineate healthy from scarred myocardium. 4 The correlation between wall thickness cardiac CT with the arrhythmogenic substrate and mapping data in postinfarction VT.
METHODS

Patient characteristics (Table 1)
The subjects of this study were 15 consecutive patients (mean age 63 ± 10 years, 86% male, left ventricular [LV] ejection fraction 27 ± 12%) with recurrent postinfarction VT who underwent catheter ablation in the left ventricle. The patients were consecutive in that they had no contraindications for CT scanning. All patients had an ICD and 4 patients had undergone prior ablation procedures. At the time of the procedure, 14 patients were taking antiarrhythmic medications, including amiodarone in 9 patients.
CT acquisition and processing
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120 kVp and variable mA dependent on patient body mass index (BMI) and gantry rotation time, 350 ms. Image processing was performed as previously described 4 using proprietary software (MUSIC software, IHU LIRYC Bordeaux and Inria Sophia Antipolis, France). 6, 7 Briefly, the epicardium was manually contoured around the LV-free wall and the right side of the interventricular septum on short axis images. The endocardium and coronary vessels were segmented using automated region growing segmentation and automated vessel analysis. Wall thickness values were automatically derived from endo-and epicardial contours.
Areas of wall thickness less than 5 mm were identified as abnormal based on reports of CT-derived wall thickness in healthy patients. 8 Areas of wall thickness of ≤5 mm, ≤4 mm, ≤3 mm, ≤2 mm, and ≤1 mm were created for our analysis ( Figure 1 ).
Electrophysiology study and mapping protocol
The study protocol was approved by the Human Research Commit- The mapping protocol has been previously described. 9 
Radiofrequency ablation
If the VT was hemodynamically tolerated, entrainment mapping was performed and radiofrequency energy was delivered at sites with concealed entrainment. In the case of hemodynamically unstable VT, ablation was performed during sinus rhythm at sites with matching pace-maps or sites with fragmented or isolated electrograms. Radiofrequency energy was delivered for 60-120 seconds in an attempt to render the ablated site unexcitable with a pacing output of 20 mA using an initial power of 30 Watts that was titrated upwards to 50 Watts as necessary. Postablation, programmed ventricular stimulation was repeated using the same stimulation protocol.
Three-dimensional (3D) registration
For 3D registration of electroanatomical geometry with the CT model, three identifiable anatomic reference points (coronary sinus ostium, ostium of the left main coronary artery as defined by intracardiac ultrasound, and LV apex) were used for alignment and orientation. After initial alignment using fixed landmarks, automatic surface registration using CartoMerge (Biosense Webster) was performed as previously described. 11 CT-derived wall thickness was represented as separate shells (≤1 mm, ≤2 mm, ≤3 mm, ≤4 mm, and ≤5 mm, Figure 1 ) that were coregistered with the electroanatomic map using three fiducial anatomic points. The wall thickness shells were registered to the electroanatomic map post hoc after the ablation procedure. This was done F I G U R E 3 A, Pacing at site 1 shows a site with concealed entrainment and a long stimulus-QRS interval measuring 355 ms. This is close to the entry site of the reentry circuit. The stimulus-QRS interval matches the electrogram QRS interval. VT terminated when ablation was delivered at this location. However, VT was still inducible with an increase in cycle length from 550 to 590 ms. B, Pacing at site 1 is closer to the VT exit and the stimulus-QRS interval of the last paced beat is 205 ms. This matches the electrogram-QRS interval. There were, however, changing stimulus-QRS intervals present at this site. VT terminated permanently and was no longer inducible after this ablation lesion was delivered by an operator blinded to the outcome of the ablation procedure. The CT was registered to the electroanatomic maps with a positional error of 2.9 ± 2.2 mm. The areas of low voltage and dense scar were measured and correlated to the areas of wall thinning ≤1 mm, ≤2 mm, ≤3 mm, ≤4 mm, and ≤5 mm.
Data acquisition and analysis
In a post hoc analysis, the following variables were acquired at 1,379 sites (mean of 92 ± 25 sites per patient) where pace-mapping was performed and were correlated with wall thickness: bipolar voltage, unipolar voltage, electrogram characteristics (normal, abnormal, fragmented, isolated potentials), 9 electrogram width, presence of a matching pace-map, and presence of concealed entrainment. Electrograms were classified according to previously reported criteria 12 that were adapted 13 to the recording system used in this study:
The following criteria were used: normal electrograms-sharp bipha- Figure 1 illustrates the topographic map correlated with the electroanatomic map of a patient indicating an isthmus critical to VT. Figure 4 shows a VT isthmus corresponding with a CT defined ridge.
After the electroanatomic map was constructed, bipolar voltagederived channels were sought as previously described and correlated with the presence of CT-defined ridges and ablation target sites. 13 This analysis was performed by two observers blinded to the procedure outcome. Discrepancies were resolved by consensus. In brief, the cut-off bipolar voltage within the voltage map was set to 0.2 mV in order to identify a corridor of more preserved voltage. 13 If an area of more preserved voltage was identified, this was correlated with the CT-defined ridges with respect to orientation and also whether or not the voltage-derived channels contained mapping-derived target sites.
Statistical analysis
Continuous variables were expressed as mean ± standard deviations for normally distributed data and compared using the Student's ttest, while nonnormally distributed data were expressed as median and interquartile ranges (IQRs) and were compared using the MannWhitney U test. Categorical data were compared using 2 or Fisher's exact test, as appropriate. Spearman rho correlation coefficients were generated to examine the relationship between myocardial wall thickness and EGM properties. Receiver operator characteristic curves (ROC) were created using myocardial wall thickness to assess the ability of different myocardial wall thickness cutoffs to predict scar tissue (bipolar amplitude <1.5 mV), dense scar tissue (bipolar amplitude <0.5 mV), and mapping defined target site locations. All tests were two tailed and a P-value <0.05 was considered significant. Statistical analysis was performed using R version 3.3.1 (R Foundation, Vienna, Austria) and IBM SPSS Statistics software version 24 (IBM).
RESULTS
Procedural characteristics
A total of 113 VTs with a mean cycle length of 375 ± 112 ms were inducible (7.5 ± 4.3 VTs per patient). Forty-seven VTs had a left bundle branch block and 66 VTs had a right bundle branch block morphology.
Ten patients did not have a hemodynamically tolerated VT and ablation was guided by pace mapping and electrogram characteristics (fragmentation, isolated diastolic potentials). Entrainment mapping was feasible in 5 patients. Eleven of these 15 patients no longer had inducible VT postablation. In the other 4 patients, the clinical VTs were eliminated but 6 nonclinical VTs (cycle length: 338 ± 99 ms) remained inducible. In 1 patient, programmed stimulation was not repeated at the conclusion of the procedure due to a possible thromboembolic event. This was subsequently ruled out. There were no major complications.
Characterization of the arrhythmogenic substrate and wall thickness
A total of 202 target sites were identified by pace-mapping (n = 191) and entrainment mapping (n = 11) and were correlated with wall thickness ( Figure 2 ). There were no significant differences between target Values are shown as median (IQR). Abbreviations: EGM = electrogram; S-QRS interval = stimulus-QRS interval. At target sites, the stimulus-QRS/VT cycle length ratios were compared across the different myocardial wall thicknesses (Table 2 ). There was a modest inverse correlation between the degree of wall thinning and the stimulus-QRS/VT cycle length ratio (correlation coefficient -0.54, P < 0.001).
TA B L E 2 Correlation of wall thickness and electroanatomic mapping characteristics
Wall thickness Bipolar voltage (mV) Unipolar voltage (mV) EGM width (ms) S-QRS interval /VT cycle length
The majority of the target sites 158 of 202 (78%) were located on a ridge with a distance of 4.8 ± 3.0 mm from an area of wall thinning.
Remaining target sites were located on the thinnest wall segments (n = 29, 14%) or along thin wall segments bordered by normal tissue (n = 15, 7%).
Electroanatomic map and wall thinning
A wall thickness cut-off ≤4 mm was 86% sensitive and 78% specific for detecting a voltage cut-off <1.5 mV (AUC = 0.83, P < 0.001). A wall thickness cut-off ≤3 mm was 90% sensitive and 55% specific for detecting a voltage cut-off <0.5 mV (AUC = 0.78, P < 0.001).
The median low voltage area (<1. 
Electrogram characteristics and wall thinning
The characteristics of electrograms at various wall thicknesses are displayed in Tables 2 and 3 
and those with isolated potentials were more likely to be found in areas of myocardium with thin wall segments (Table 3 , P < 0.001 for all).
Follow-up
Antiarrhythmic medications were discontinued in 5 patients after the ablation procedure. Over a follow-up period of 4.24 ± 2.6 months, 1 patient had recurrent VT.
DISCUSSION
Main findings
Local differences in wall thickness reflect the arrhythmogenic structure of the postinfarction scar in patients with VT. Effective VT ablation sites were located on ridges within the scar bordered by areas of wall thinning for the majority of mapped VTs in the present study.
Electroanatomic mapping data correlated with wall thinning. Wall thinning measured by CT is a promising imaging technique that may help to improve the characterization of the arrhythmogenic scar in postinfarction patients and assist in identifying effective target sites for ablation of VT.
Imaging of the arrhythmogenic substrate
Scar identified by delayed enhanced MRI has been the gold standard for scar identification in patients with prior infarctions 2 and has been used to identify the arrhythmogenic substrate in patients with prior infarctions. 14 Myocardial fiber bundles can by identified by high resolution ex vivo MRI. 15 However, when retrospective degradation of the magnetic resonance images was used to obtain a resolution comparable to that of clinical scans, areas of intermediate signal intensity were often attributed to the phenomenon of partial volume averaging and not surviving myofiber bundles within scar tissue. 15 On the other hand, using different threshold techniques for scar analysis, the grey zone has been described as an indicator of tissue heterogeneity within scar tissue. 16 Perez-David et al. correlated conducting channels critical for VT with signal heterogeneity as determined by MRI. 17 However, another study did not demonstrate an association between the signal intensity of delayed enhanced areas and critical sites of the reentry circuit. 14 Furthermore, scar imaging is challenging, especially in patients with implanted devices and alternative imaging techniques are needed. Unfortunately, in patients with implanted devices, artifacts render the imaging quality suboptimal to allow for more precise targeting based on the MR images alone. The present study demonstrates that scar heterogeneity as determined by CT can identify the arrhythmogenic substrate in consecutive patients with postinfarction VT. The advantages of CT over MRI are more widespread availability, superior spatial resolution, and precise threshold definition resulting in the ability to accurately identify critical sites within a VT reentry circuit. The rationale for using wall thickness to characterize scar heterogeneity is the hypothesis that surviving fibers within scar, that is the structural substrate of scar-related VT, are more likely to be observed in areas of relatively preserved thickness than in extremely thinned areas where scar is expected to be more dense. The use of CT to measure wall thickness is justified by the unique 3D spatial resolution of the method, and by its excellent contrast to delineate endocardial and epicardial surfaces. Our results demonstrating a clustering of target sites on ridges of relatively preserved thickness bordered by more severely thinned areas can be viewed as a first proof of concept substantiating our hypothesis.
Scar topography and reentry circuits
CT reveals a view of an infarct area that is different than that provided by late gadolinium enhanced MRI. The infarcted myocardium has ridges and sinks that may determine the location of reentry circuits. In most patients in this series, ablation target sites were located on ridges that divided areas of wall thinning. These ridges can travel through the entire scar and divide the scar into different zones of thinner and thicker wall segments. Matching pace-maps with shorter and longer stimulus-QRS intervals were observed along these ridges, suggesting a link between impulse propagation and CT-defined structure.
The ridges where effective ablation sites were found were most often located in the border zone of the scar. However, some of the ridges containing target sites were not near the border zone. Based on the correlation between the mapping data and locations of effective ablation sites, the results of this study indicate that the CT-defined ridges often are critical anatomic components of postinfarction VT reentry circuits.
Voltage-defined channels described by others 13 were found in most patients. However, they only occasionally corresponded to an anatomic ridge and identified an ablation target site for only a minority of VTs. This indicates that anatomic ridges may be more accurate than voltage defined channels for identifying a critical component of the postinfarction VT reentry circuit. Furthermore, it may be surprising that segments with the thinnest diameter contained the broadest and most abnormal electrograms. Yet, the thicker segments contained the targeted ablation sites. This is due to the fact that the majority of the target sites were exit sites that were located in areas with thicker segments located close to normal myocardial tissue.
Wall thinning and electroanatomic mapping
Wall thickness measured by CT correlated with voltage data generated during electroanatomical mapping, and electrogram characteristics including bipolar voltage and electrogram width also correlated well with wall thickness. Location of border zone and dense scarring can therefore be determined by imaging well before the ablation procedure. Furthermore, imaging provides more localizing information regarding critical ablation areas over electroanatomic mapping.
Limitations
The main limitation is the absence of a control group of patients with a prior infarction but without ventricular tachycardia. In the absence of this type of control group, the specificity of anatomic ridges for critical sites in a ventricular tachycardia reentry circuit remains unclear. A simple algorithm to determine differences in wall thickness was used, and on these maps ridges were assessed visually. This algorithm should be further optimized to enable automated ridge detection, and its ability to predict reentry circuits should be assessed in a larger patient population. Further improvement of the algorithm may also improve the specificity for CT defined ridges to identify critical VT sites.
Ablation target sites were defined by pace-mapping and entrainment mapping. We acknowledge that pace-mapping-defined target sites are less specific and may be the consequence of blind loops of the reentry circuit. However, the fact that none of the VTs with matching pace-maps could be induced postablation indicates that these sites likely were critical for the targeted VTs. In the absence of matching pace-maps, radiofrequency energy was also delivered at sites with fragmented electrograms and thereby may have eliminated VTs without identifiable exit sites. Whether an ablation using a purely "ridge-defined" strategy will generate similar ablation results remains to be determined.
CONCLUSIONS
CT-derived wall thickness of postinfarction scar indicates areas that may be critical for postinfarction VT. Thicker ridges within areas of pronounced wall thinning appear to indicate the imaging equivalent of the critical arrhythmogenic substrate in postinfarction VT.
